PRELUDES AND PROGRESS doctorate, and in 1839 he was appointed prosector in anatomy under Franz Ludwig Fick at the University of Marburg. There, he came under the influence of the great chemist Robert Bunsen, whose devotion to research and talent for the invention of laboratory apparatus served to further stimulate Ludwig's interest in experimental medicine. While working in Bunsen's laboratory, young Ludwig met several pupils interested in the new experimental chemistry and physics. Ludwig received little encouragement from Marburg's physiology professor, Hermann Nasse, however. He and Ludwig had a strained relationship and the physiology laboratory at Marburg was poorly equipped.
An event with great significance for Ludwig's career and for the future of experimental physiology occurred in 1847 . In that year Ludwig visited Berlin, where he met three students of Johannes Muller, the professor of anatomy and physiology at the University of Berlin. With Fran §ois Magendie of France, Muller had redefined physiology as an experimental science and had contributed to the overthrow of the stifling "Naturphilosophie" that had characterized all aspects of German culture for several decades. With Muller's pupils Emil Du Bois-Reymond, Hermann von Helmholtz, and Ernst von Briicke, Ludwig would extend this revolution in the philosophy of science. They recast physiology as an experimental science based on physics and chemistry rather than an empirical field preoccupied with speculation and untested theorizing.7 These four young scientists had a specific (and ambitious) goal. According to Ludwig, they "imagined that we should constitute physiology on a chemico-physical foundation, and give it equal rank with physics."8 Ludwig' s scientific career began during a period of great political and social instability in Europe. Then, as now, science and medicine were affected by larger issues in society. The "Revolution of 1848" influenced all aspects of German culture, and Ludwig and his new friend Du Bois-Reymond shared their frustrations in frequent correspondence during this turbulent era. In the spring of 1848, the pioneering electrophysiologist informed Ludwig of events of the revolution and complained, "You can well imagine that there is little talk of science here now. . . I am trying to [remain] as aloof from political participation as I can without seeming to lack principles. But one is nonetheless greatly distracted from sustained serious activity." Several months later, Du Bois-Reymond protested, "All public funds are taken up to such an extent that there can be no thought of throwing money about for scientific purposes."10 Although Ludwig became involved in the political Vol . 74 , No. 5 , November 1986 upheaval, he was able to continue his scientific work at Marburg. Ludwig became impatient, however, and sought a more promising institutional setting for his growing interest in physiology. In 1849 he accepted the chair of anatomy and physiology at the University of Zurich. The university constructed a modest laboratory for Ludwig and, with the help of an assistant, he inaugurated a program of experimentation and physiology teaching. Ludwig also continued to work on a textbook of physiology he had begun at Marburg, and in 1852 the first volume appeared.1' In the opinion of Ludwig's long-time friend and colleague Wilhelm His, this new textbook "appeared like a meteor on the scientific horizon."'2 In this classic work, Ludwig challenged traditional scientific theories, suggested new concepts, and proposed what he believed were the best experimental approaches for expanding man's knowledge of living organisms. Ludwig explicitly outlined his formulation of physiology as a science based on the principles of physics and chemistry.
While writing his physiology textbook, Ludwig explained to Du Bois-Reymond, "To begin with, I shall deal with the complex chemical atoms of which the human body is composed, at the same time disclosing everything referring to their chemical constitution, conversion products, and physical characteristics. This prepares the way for the explanation of many physiological processes." '3, 14 '6 In contrast to that in France, German higher education was decentralized and there was intense competition among the regional universities for highly talented faculty members and students. This stimulated local government support of higher education to an unprecedented degree. Because of the belief that scientific research would ultimately benefit mankind, funding for programs in the life and physical sciences was especially generous in Germany in this era. 23 Extraordinary opportunities for laboratory work and Ludwig's intellectual generosity and unselfishness in order to further the careers of his pupils is legendary. Virtually all of his pupils who wrote obituary notices or biographical sketches of Ludwig noted this unusual character trait that contributed to the spectacular success of his research program. Although Ludwig would usually outline the hypothesis, design the experiments to test the theory, assist in the preparation and performance of the experiments, collaborate in the interpretation of the results, and revise the final report, he would rarely append his name to the published paper that would result from this process. Lombard's experience illustrates this point. The young American medical graduate gave Ludwig an English draft of a paper based on experiments he had performed under the master's direction. Lombard recalled that Ludwig translated the paper into German, "practically rewriting it. I shall never forget my feeling of embarrassment, as I said to him that I felt that I had no right to let the paper appear under my name [alone], for I had been only his hands; that it was really his work and not mine. 'It is all right,' he said, 'it has been your work.' Then he added, 'But if you never do anything else, it will be thought that you did not do this. "' Lombard remarked that Ludwig "had so many ideas that he could well afford to be generous; he loved his science and rejoiced in the scientific achievements of his pupils."29 Ludwig' s productivity, and that of the students who worked in his laboratory, was remarkable. Not only were the papers numerous, a very high percentage were significant contributions to medical and scientific knowledge. For half a century, Ludwig and his pupils maintained a level of productivity and quality that was the envy of the biomedical world. Ludwig believed in division of labor and used his knowledge of his science and his understanding of those who worked with him to assign them to tasks to which they were well suited. Ludwig's daily routine has been carefully detailed by his pupils. Each morning he stopped at every student's work courage, an unusual talent for organization bound up with a knowledge of men, which knew how to put every force in its right place, strict discipline, frankness and heartiness in personal relations, indefatigableness in work, together with exemplary orderliness and punctuality."29 Ludwig's pupils shared a sense of devotion and loyalty to their master, and their common experience in his laboratory led to the formation of a special bond between his international pupils. Two "Festschrifts" published in 1874 and 1886 contained dozens of papers by Ludwig's former pupils and attest to their devotion to him and their success as biomedical scientists.
Why was Ludwig so successful in attracting capable students and shaping them into skilled experimental physiologists? Ludwig had unparalleled resources for his enterprise. Nevertheless, his pupils attributed the success of the Leipzig Physiological Institute to the man more than any other thing. Lombard recalled that Ludwig's "intense interest in the problems that he was studying was infectious; his enthusiasm imparted itself to his pupils, and aroused all of their ingenuity and their best powers of observations and thought."29 A perfectionist who refused to acknowledge defeat, Ludwig would pursue a research theme for years if necessary to prove a point or elucidate a problem. Although he encouraged his pupils to work independently to solve their problems, Ludwig was always ready to assist them if necessary. Ludwig's interest in his pupils was sincere and persisted long after they left his laboratory to assume positions in medical schools and universities throughout the world.
CIRCULATION PRELUDES AND PROGRESS
Carl Ludwig and his pupils made numerous major contributions to our understanding of the structure and function of the living organism. Although he is correctly viewed as a physiologist, Ludwig used a wide variety of techniques and approaches in his investigations. His thorough training in anatomy provided him with an appreciation of the important information that can be derived from purely morphologic studies. Comparative anatomists and morphologists had long argued that function could be deduced from structure. Ludwig acknowledged that an organ's form bore some relationship to its function, but he believed that the actual function was determined by physical principles that could only be discovered by experimentation. Ludwig's 1842 dissertation in which he developed the filtration theory of urine formation reflected his early interest in applying physical principles to the functions of living organisms. With the publication of this thesis, Ludwig was widely acknowledged as an expert on renal physiology. These early experiments on urine formation were followed by a long series of studies on the diffusion of fluids through membranes.
Ludwig's interest in the structure and function of the heart and circulatory system can be traced to 1843, when he was a junior faculty member at the University of Marburg. Throughout his long career, circulatory physiology remained a dominant area of research for Ludwig and his pupils. A year before Ludwig died, Brunton claimed, "It is to Ludwig and his scholars... that we owe the greater part of our knowledge of the mechanism of the circulation and of the varying distribution of the blood in various parts of the body."2 Ludwig pattern, Ludwig first described sinus arrhythmia in 1847. He recognized the significance of his invention and later presented his Italian pupil Angelo Mosso with one of the first tracings made from the original kymograph. On the back of the tracing Ludwig wrote, "I give to my friend Mosso for his collection, this first stammering of the heart and of the chest."29 One of Ludwig's contemporaries, Salomon Stricker, a pioneering experimental pathologist, claimed that Ludwig's invention of the kymograph was as important for biological research as was the development of an alphabet for human culture.3' The hemodynamic monitoring equipment currently used clinically as well as in research can be traced to Ludwig's kymograph.
Ludwig's brilliant work in cardiovascular physiology was the result of a sustained effort aimed at understanding the physical principles of the circulation. These studies were facilitated by the delicate instruments of precision he devised for this purpose. With his pupil Adolf Beutner, Ludwig used his kymograph and other apparatus to measure for the first time the pulmonary artery pressure by inserting a cannula into the left pulmonary artery. With Johannes von Kries, Ludwig first measured capillary pressure. Ludwig and his pupil Johann von Dogiel measured regional blood flow for the first time in 1867 using a "stromuhr," or flowmeter, developed for this purpose by Ludwig. Adolph Fick, one of Ludwig's earliest pupils, extended the principles of measuring blood flow pioneered by Ludwig to elaborate his theory of measuring cardiac output. The principles of graphic registration pioneered in the physiologic laboratory by Ludwig were soon applied to man when Alfred Volkmann in Germany and Etienne Jules Marey in France developed and refined techniques to record the pulse and apical impulse in the human.
Cardiovascular innervation was an area of special interest to Ludwig. He extended the studies of the Webers on the influence of the nervous system on the heart rate and, with his pupil Oswald Schmiedeberg, discovered the "accelerator nerve" of the heart.29 With his American pupil, Henry Bowditch, Ludwig discovered two fundamental laws of cardiac physiology: the "all-or-none" law of cardiac muscle and the "treppe" or staircase phenomenon. Shortly after Bernard demonstrated the existence of vasodilator and vasoconstrictor nerves, Ludwig undertook a series of experiments that demonstrated the importance of vascular tone in maintaining blood pressure.
With his Russian pupil, Elie de Cyon, Ludwig discovered the vasomotor reflexes in 1866. Their discovery of the "depressor nerve" represented the first pro-FYE posal that there was reflex regulation of the cardiovascular system through afferent nerve endings in the heart. Although later studies proved that the afferent nerves were actually located in the great arteries, the concept of autoregulation of the circulation can be traced to Ludwig's observations. Five years later, Ludwig's Russian pupil Philipp Owsjannikow reported that he and Ludwig had located a "vasomotor center" in the medulla. Ludwig was the first to describe ganglion cells in the interatrial septum. The physiology of the peripheral circulation also interested Ludwig. With his American pupil Franklin P. Mall, he showed in 1890 that the portal vein also responds to nervous control. In the words of a recent historian of the peripheral circulation, Ludwig's studies "proved fundamental to our modern ideas of a tonic vasoconstrictor activity exerted by sympathetic fibers influencing nearly all the regional peripheral circuits."" Among Ludwig's most important contributions were his discoveries in the area of respiratory physiology. While still at Vienna, Ludwig and his Russian pupil Ivan Sechenov invented a mercury blood pump that allowed them to separate the respiratory gasses in blood in vivo. In an extensive series of experiments, Ludwig and his pupils elucidated the physiology of tissue oxygenation and respiratory gas exchange. In the course of this work Ludwig first measured the oxygen tension in blood. His technique made it possible to measure the saturation of oxygen and carbon dioxide in the blood stream. The results of these experiments led Ludwig to conclude that the oxygen uptake of an organ was related to the work performed by that organ.
To evaluate various bodily functions, Ludwig developed or refined techniques to perfuse isolated organs. This made it possible to study the function of denervated organs that were perfused with blood or solutions containing various compounds. One particularly useful experimental model was an isolated frog heart preparation that could be kept beating for days by perfusing it with defibrinated blood. Many of Ludwig's important discoveries in cardiac physiology were made with the isolated frog heart preparation. Eventually, other workers, most notably H. Many factors contributed to the success of Carl Ludwig and his physiologic institute in Leipzig. Although Ludwig's innate ability and intelligence were major factors, other individual, institutional, and larger social circumstances also contributed to the unprecedented productivity and prosperity of his institute at the University of Leipzig. Contemporary observers from other countries offered their opinions about Ludwig's success a century ago. Americans were envious of the CIRCULATION financial support for salaries and apparatus that Germany's basic scientists received. In 1879 Horatio C. Wood, Jr., a pioneering American pharmacologist, informed Army surgeon and educational reformer John Shaw Billings, "Ludwig is certainly a most skilled physiologist -I have never seen anything like his apparatus. But no one has impressed me as being far superior to our best American men in natural gifts." Wood concluded that the extraordinary number of important discoveries made in the Leipzig laboratory were "chiefly the result of the system."34 A writer in the American agreed, and claimed in 1881 that in the small university city of Leipzig more research in the biomedical sciences was performed in a year than was undertaken in the entire United States in half a decade. And this, he argued, was not because of the superior intellect of the Germans, "but because there is at present no encouragement to the medical scientist in this country; indeed, because a medical scientific career is practically impossible to any one who is not willing to exist as a pauper or has not been born to wealth."35 Some Americans did more than simply admire the scientific achievements of Ludwig and his pupils. They sought to reform American medical education so that research and advanced scientific training were encouraged in some medical schools in the United States. Nowhere was this effort more successful than at the Johns Hopkins School of Medicine, which opened in 1893. It is no coincidence that of the four original basic science professors, three had been pupils of American pupils worked to form a coalition of basic medical scientists, scientifically oriented practitioners, medical editors, university presidents, and influential laymen. In the American Medical Association's council on medical education and the Carnegie Foundation for the Advancement of Teaching, the reformers gained powerful allies in their fight to introduce the critical elements of the German system into American medical schools. Decades of rhetoric were transformed into reality when the reforms advocated by Ludwig's American pupils and their supporters were made possible at several leading medical schools through unprecedented grants from the General Education Board of the Rockefeller Foundation. Now, there were medical schools in the United States where fulltime careers in biomedical science were possible and where research was liberally supported. As the scientific reformers had long claimed, the financial support of biomedical research in America resulted in a dramatic increase in scientific discoveries. 23 The model developed in Germany during the second half of the 19th century and perfected in Ludwig's institute at Leipzig had been successfully transferred to America's elite medical schools.5
As illustrated in this review of the life of Carl Ludwig and the impact of his physiologic institute in Leipzig, successful programs of research and advanced scientific training depend on a special set of circumstances. Factors at the individual, institutional, national, and international level contribute to the direction a scientific program may take. During the closing decades of the 19th century, favorable circumstances at several levels led to the development of a remarkably productive program of biomedical research at the University of Leipzig. Individuals concerned with the current state of, and future prospects for, biomedical research in America would do well to consider the factors that contributed to Ludwig's success and that of his pupils. To him we owe much of the structure and philosophy of modern academic medicine as well as many important scientific discoveries that ultimately led to significant advances in clinical medicine.
